The immunogenicity of porcine tissue is a major obstacle to its use as donor material in xenotransplantation for neurodegenerative diseases. We are currently evaluating a novel strategy for reducing the immunogenicity, in which the α-galactosyl epitope (Galα1,3Galβ1,4GlcNAc-R) is used as a target for antibody-and complement-mediated removal of microglia. In the present study, our aim was to determine whether a pretreatment with antibodies against the α-galactosyl epitope (anti-Gal) and complement would lyse or otherwise damage dopaminergic neurons in porcine embryonic ventral mesencephalon (VM), the donor tissue for treatment of Parkinson's disease by xenotransplantation. Cell suspensions prepared from VM tissue from 27-day-old pig embryos were incubated with anti-Gal, purified from normal human serum by affinity chromatography, or medium only (control), and subsequently with rabbit complement. After these pretreatments, the cell suspensions were transplanted into the right striatum of 14 adult rats (two groups of 7 animals). The animals were sacrificed 20 days after transplantation, the brains were processed for histology, and the sections were stained for Nissl substance, porcine neurofilament, tyrosine hydroxylase, and rat CD45 to determine graft volume, presence of porcine neurons, content of dopaminergic cells, and leukocyte infiltration, respectively. The VM tissue pretreated with anti-Gal and complement gave rise to dopaminergic grafts that were indistinguishable from those derived from VM tissue given the control pretreatment. In 5 of the 14 animals, the grafts were infiltrated by host leukocytes, but in two of these recipients, the infiltration was only minimal. We conclude that anti-Gal and complement can be applied to porcine embryonic VM tissue without damaging the dopaminergic neurons and their precursors.
INTRODUCTION
antigens and potently induce human T-cell proliferation, whereas its astrocytes produce only MHC class I antigens and generate only a weak proliferative response of Neural transplantation is a potential treatment for Parkinson's disease (3, 9, 17) . Owing to the limited sup-human T cells (5) . Sumitran et al. (19) recently demonstrated, by lectin histochemistry, that the α-galactosyl ply of human donor material (9), porcine donor tissue is now considered an appropriate alternative (10,15). Dis-epitope (Galαl,3Galβl,4GlcNAc-R) is present on microglia and endothelial cells, but not on neurons and sociated tissue from ventral mesencephalon (VM) of pig embryos has already been grafted into 12 Parkinson pa-astrocytes, in embryonic pig VM. To that end, we are currently evaluating the use of the α-galactosyl epitope tients in a small-scale trial (18). Porcine neural grafts are, however, prone to rejection in the human brain as target for antibody-and complement-mediated removal of microglia and reduction of porcine donor tis- (4, 7) . Host T lymphocytes are probably involved in the rejection process, because porcine embryonic brain cells sue immunogenicity. Although neurons in porcine embryonic VM do not stain with Griffonia simplicifolia can induce a proliferative response of human T cells in vitro (6) . When dissociated brain tissue from pig em-I-B 4 isolectin, used by Sumitran et al. (19) , the α-galactosyl epitope might be present on dopaminergic neurons bryos is grown in primary culture, its microglia produce both classes of major histocompatibility complex (MHC) and their precursors at a level that is sufficient for lysis by antibodies and complement. Our aim was, therefore, purified antibodies thus contained anti-Gal of both IgG to determine whether antibodies against the α-galactosyl and IgM isotypes. epitope (anti-Gal) would lyse or otherwise damage dopaminergic neurons from embryonic pig VM in the pres-Donor Tissue Isolation and Pretreatment ence of complement.
Ventral mesencephalic tissue was dissected from 27-day-old pig embryos of crown-rump length 20-22 MATERIALS AND METHODS mm. Tissue pieces from 16 embryos were pooled in 5. 1.0 ml DMEM containing 0.05% deoxyribonuclease usml of packed beads) was poured into a column of 10 ing flame-polished glass pipettes of progressively mm diameter and washed with phosphate-buffered sasmaller apertures. The resulting cell suspension was split line (PBS, pH 7.4). Heat-inactivated (56°C, 30 min) huin two aliquots, which were given 300 µg human antiman serum (40 ml) was applied at 0.5 ml/min using a Gal in 600 µl DMEM (500 µg/ml) or 600 µl DMEM peristaltic pump, the agarose was washed with several only (control). After 60 min at 4°C, the cell suspensions colunm volumes of PBS, and bound protein was eluted were washed in DMEM (200 g, 5 min), resuspended in with 0.1 M glycine-HCl (pH 2.5) at 1.0 ml/min. Frac-5.0 ml DMEM containing Low-Tox-M rabbit completions (1 ml) were collected in tubes containing 0.1 ml ment (lyophilized content of one vial was reconstituted neutralizing buffer (1.5 M Tris-HCl, pH 8.8). The abto 10 ml; Cat. No. CL3051; Cedarlane, Canada), and sorption at 280 nm was read spectrophotometrically, and incubated for another 60 min at 37°C. The cells were contents of tubes containing protein were pooled, diathen washed in DMEM (200 g, 5 min), counted, and lyzed against 1% PBS, lyophilized, and resuspended in finally given DMEM to a concentration of 1.2 × 10 5 distilled water (1/100 of eluted volume). The protein cells/µl. In both preparations of donor material, 96% of concentration was determined using a BCA Protein the cells were viable (trypan blue negative). Assay Reagent Kit (Pierce, Rockford, IL) according to instructions from the manufacturer. The α-galactosyl Intrastriatal Transplantation epitope reactivity of the purified antibodies was assessed by incubating 5.0 × 10 5 Raji cells (human Burkitt-lym-Lewis rats (M & B, Denmark), weighing 284-354 g phoma cell line) or Raji cells transfected and selected and assigned to two groups of 7 animals, were anestheto produce porcine αl,3-galactosyltransferase (Raji-GT tized with Hypnorm (fentanyl citrate 0.20 mg/kg and cells) in 100 µl PBS with or without 10 µg of the purifluanisone 6.3 mg/kg, injected IP; Janssen Animal fied antibodies [transfection and selection of the Raji-Health, Belgium) and Dormicum (midazolam 4.2 mg/ GT cell line has been described by Kumagai-Braesch et kg, injected IP; Hoffmann-La Roche, Switzerland), and al. (16) ]. After 60 min at 4°C, the cells were washed placed in a Kopf stereotaxic frame with the toothbar set once in PBS (250 g, 5 min), incubated with rabbit antiat 2.5 mm below the interaural line. At the coordinates human IgG F(ab′) 2 FITC (1:10; DAKO, Denmark) or relative to bregma and dura mater (anterior 0.7 mm, rabbit anti-human IgM F(ab′) 2 FITC (1:10; DAKO) at right 2.6 mm, and ventral 4.7 mm), 3.0 µl DMEM with 4°C for 60 min, washed twice in PBS (250 g, 5 min), anti-Gal-pretreated or control-pretreated VM cells was and analyzed by flow cytometry: from each sample, 1.0 infused at 1.0 µl/min using a blunt-ended steel cannula × 10 4 ungated events were acquired on a FACSort flow of 0.26 mm internal and 0.46 mm external diameter cytometer (Becton Dickinson, USA) (a forward-scatter mounted on a 5-µl Hamilton syringe (both from Hamilthreshold was set to exclude subcellular debris). Preston Bonaduz, Switzerland). The cannula was left in the ence of the α-galactosyl epitope on Raji-GT cells was striatum for 5 min after the cell suspension had been verified by incubating Raji-GT cells and Raji cells with infused to reduce reflux in the cannula track. Temgesic 3.0 µg FITC-conjugated Griffonia simplicifolia I-B 4 iso-(buprenorphinum 0.10 mg/kg, injected IM; Reckitt & lectin (Sigma): Raji cells were not stained, whereas Raji-Colman, UK) was given upon completion of surgery, GT cells were strongly stained. The purified antibodies and rats were placed in individual cages under a heating contained both IgG and IgM reactive with Raji-GT cells, lamp with free access to water and feed for the first but not with Raji cells. Unspecific staining of Raji-GT cells by the secondary reagents was minimal, and the postoperative hours.
Perfusion and Tissue Processing
Stereological Toolbox software (C.A.S.T.-Grid vl.10; Olympus, Denmark), a grid of points was superimposed All rats were sacrificed 20 days after transplantation on images of sections containing grafts and the number by an overdose of pentobarbital (300 mg/kg, injected IP) of points within the grafts was counted and multiplied and perfused transcardially with 4% paraformaldehyde by the area represented by each point (2.78 × 10 4 µm 2 ) in 0.15 M phosphate buffer (pH 7.4) for 4 min. After and the thickness of the sections (30 µm). perfusion, brains were immersed in the same fixative for 60 min and cryoprotected overnight in 20% sucrose in Statistical Analyses 0.15 M phosphate buffer (pH 7.4). The brains were then Volume estimates and ratings of the TH and CD45 frozen in gaseous CO 2 , and five parallel series of 30-µmstainings of the grafts in the two groups of rats were thick cryostat sections were cut and mounted on gelatincompared using the Mann-Whitney test. When comparcoated glass slides.
ing the ratings, the version of the test with a correction Immunohistochemistry for ties was used. Two-tailed p values were estimated using the z statistic. Whole series of sections were stained for porcine neurofilament-70, tyrosine hydroxylase (TH), and rat RESULTS CD45 using the biotin-streptavidin-peroxidase method.
In rats receiving VM tissue pretreated with anti-Gal In order to reduce unspecific staining, slide-mounted and complement, as well as in rats receiving controlcryostat sections were incubated for 30 min with 10% pretreated VM tissue, volumes and contents of dopaminfetal calf serum (FCS; Life Technologies) in Tris-bufergic neurons varied considerably between the grafts, fered saline (TBS, pH 7.4). The sections were then incubut there were no differences between the groups (Table  bated overnight at 4°C with one of the following pri-1). Infiltration of grafts by host leukocytes was observed mary antibodies in TBS with 1% Triton X-100 (Sigma):
in 5 of the 14 animals, but in two of these, the infiltramouse anti-cow neurofilament-70 IgG 1 (1:1000; clone tion was minimal (Table 1) . Again, no difference be-DP.5.112; purchased from Dr. L. Soriano, France), polytween the groups was found. clonal rabbit anti-rat TH (1:250; Pel-Freez Biologicals, Figure 1 shows examples of the histology of grafts USA), or mouse anti-rat CD45 IgG 1 (1:100; clone MRC derived from VM tissue pretreated with anti-Gal and OX-1; Serotec, UK). Neurofilament and TH antibodies complement or medium and complement. In all but three are known to cross-react with their respective porcine animals, porcine neurofilament was observed in the antigens, but the neurofilament antibody does not react grafts. Porcine neurofilament was present in fibers, with rodent neurofilament. Following rinsing for 3 × 15 which were evenly distributed in the grafts. Although min in TBS with 1% Triton X-100, the sections were the fibers were limited to the grafts and the part of the incubated with biotinylated sheep anti-mouse Ig (1:200 striatum near the grafts, a few fibers with porcine neuin TBS with 1% Triton X-100; Amersham, UK) or biorofilament were observed further from the grafts, even tinylated donkey anti-rabbit Ig (1:200 in TBS with 1% as far as midline corpus callosum (not shown). In the Triton X-100; Amersham) for 60 min at 20°C, rinsed 3 grafts without porcine neurofilament, no or only a few × 15 min in TBS with 1% Triton X-100, treated for 30 TH-positive cells were found. Grafts with porcine neumin with 0.06% H 2 O 2 in methanol to block endogenous rofilament contained more TH-positive cells, and these peroxidase, rinsed 3 × 15 min in TBS with 1% Triton were clustered, which is commonly seen in cell suspen-X-100, and incubated for 60 min with peroxidase-conjusion VM grafts. When observed, infiltration by host leugated streptavidin (1:200 in TBS with 10% FCS; kocytes was either diffuse or only present around some DAKO). After a repeated rinse, 0.05% 3,3′-diaminobenof the graft vessels. In one animal with a diffusely infilzidine (Sigma) in TBS with 0.009% H 2 O 2 was applied trated graft, host leukocytes were observed in the striato the sections until a brown precipitate developed. The tum near the graft, but at a lower concentration than sections were finally rinsed in distilled water, dehywithin the graft. drated in alcohol, cleared in xylene, and coverslipped in Depex mounting medium (BDH Laboratory, UK). Eval-DISCUSSION uation of TH and CD45 stainings was made on blind-
The results demonstrate that pretreatment with anticoded material using four-step rating scales as described Gal and complement does not damage porcine embryin Table 1 legend. onic dopaminergic neurons: in rat striatum, dissociated Estimation of Graft Volumes VM tissue pretreated with anti-Gal and complement gave rise to dopaminergic grafts that were indistinguish-One series of sections was Nissl stained by toluidine blue for estimation of graft volumes according to the able from those derived from VM tissue given a control pretreatment with medium and complement. principle of Cavalieri: using the Computer Assisted Statistics p = 0.52 p = 0.83 p = 0.88 *Graft volumes were derived from Nissl-stained sections. Note that both a large amount of porcine material and heavy infiltration by host leukocytes can lead to a large graft. †The content of dopaminergic cells in the grafts was rated on material stained for tyrosine hydroxylase (TH): 0, no THpositive cell bodies; 1, a few TH-positive cell bodies, either dispersed or in a single cluster; 2, more than one cluster of TH-positive cell bodies; 3, several clusters of TH-positive cell bodies, engaging the whole graft. ‡Leukocyte infiltration in grafts and adjacent host striatum was determined by rating sections stained for rat CD45: 0, no or only a few CD45-positive cells in the graft; 1, patchy infiltration of CD45-positive cells in the graft; 2, dispersed infiltration of CD45-positive cells restricted to the graft; 3, dispersed infiltration of CD45-positive cells involving both graft and adjacent striatum.
§Porcine neurofilament was not observed in the grafts of these animals.
Emgård et al. (11) recently described the time course tissue is compromised by host cellular immunity (4, 20) , particularly involving CD4 T cells (21), which is also of neuronal death in intrastriatal isografts of embryonic rat VM tissue. They found that more than 90% of the the case for other types of xenografts (1,12,13). CD4 T cells recognize donor MHC class II antigens on the do-dopaminergic neurons die within the first week of transplantation, but also that substantial neuronal death oc-nor cells (direct recognition) or donor peptide antigens in the context of host MHC class II molecules on host curs in the grafts at day 14. Similar results have been reported by Barker et al. (2) . In the present study, we antigen-presenting cells (indirect recognition). All cell types in porcine neural grafts may give rise to peptides assessed the grafts at day 20, when the number of dopaminergic neurons in the grafts is considered to have at-recognized via the indirect pathway, but only microglia, which can produce MHC class II antigens and the co-tained a stable level, until the grafts become rejected by the host immune system. If we had sacrificed the ani-stimulatory molecule, B7 (8), contribute to direct graft recognition by host CD4 T cells. Because rats recognize mals shortly after transplantation, we would only have been able to determine whether the pretreatment had porcine grafts predominantly via the indirect pathway (14), the pig-to-rat model cannot be expected to demon-lysed the dopaminergic neurons, and not whether the dopaminergic neurons had been damaged to an extent that strate an effect on immune rejection of removing microglia from the donor material, particularly not in this would impair their subsequent survival in the new host environment. If we had sacrificed the animals later, study where recipient rats were sacrificed at a time when most of them had not started rejecting their grafts. In in more grafts would have been undergoing rejection, which would have made the histology somewhat diffi-vitro studies, we have recently demonstrated that treatment of porcine embryonic brain cells with human anti-cult to interpret.
Survival of intracerebral grafts of xenogeneic neural Gal and rabbit complement reduces the content of . Only a few host leukocytes were observed in the graft in (D), whereas diffuse infiltration by host leukocytes, involving both graft and adjacent striatum, is seen in (F). (E) Shows a Nissl staining of a section adjacent to (F). In (E), the heavy infiltration by host leukocytes has resulted in a large graft with a border that is not as well defined as the graft border in (A). No porcine neurofilament or dopaminergic cells were observed in this graft. The numbers of the rats correspond to those given in Table 1 . Scale bars: 250 µm in (A, E, F); 150 µm in (B-D, G, H).
